ABSTRACT: This study examined structure and dynamics of a high-latitude scleractinian coral community in Amakusa, southwestern Japan (32°N). All visible colonies (>~5 mm in diameter) in an area of 100 m 2 were monitored for 2 yr (2001 to 2003). A total of 54 species belonging to 30 genera in 13 families were identified from 2471 colonies that covered 28.3% of the area in 2001. The majority of these were spawners with only 4 brooding species being identified or inferred. Faviidae was the most specious family (21 spp.), being dominant in terms of both colony number (49.8%) and cover (55.4%). In spawning genera, frequency distributions of colony sizes were characterized by a larger median size, wide size range and a tendency toward negative skewness, whereas in brooding genera, highest frequencies were in small size classes with a tendency toward positive skewness. Annual recruitment, dominated by Acropora and 3 brooding genera, was relatively constant (122 to 132 recruits) but always lower than annual mortality (death/dislodgement, 187 to 288 colonies), resulting in a rapid reduction in colony number (9%) in the 2 yr study period. Acropora and brooding genera accounted for 79% of the community turnover (mortality and recruitment) while many genera showed little or no change. Pocillopora showed the largest increase (+ 36 colonies) and Acropora the largest decrease (-127 colonies). During the study period, 57 colonies of middle to large size were lost (i.e. no skeleton remained) due to severe wave action caused by rough weather or typhoons, while colonies that died from other causes (418 colonies) were mostly of small sizes. Consequently, though deaths accounted for 88% of colony losses, lost colonies (i.e. those not counted as 'dead') accounted for 75% of coral cover reduction. This occasional loss of large colonies by severe wave action is likely to be a significant factor inhibiting the development of scleractinian communities and reef accretion, especially at high latitudes where these processes are considered to be slow.
INTRODUCTION
Despite the occurrence of many scleractinian coral species with extensive cover at high latitudes, there has been only a limited number of detailed ecological studies of these communities. Studies of the dynamics of high-latitude coral communities provide essential information for conservation and management strategies, which need to take into account various factors that are important in high-latitude systems (Harriott & Banks 2002) . These dynamics studies also look into processes underlying the distributional limits of coral species and coral reefs (Harriott & Banks 2002) .
Demographic approaches that can detect changes in cohort structure are more useful than monitoring surveys that merely document changes in coral cover, as the former is more amenable to analysing and hypothesising about mechanisms underlying community dynamics and species coexistence (Tokeshi 1999) . Demographic approaches should encompass both long-term monitoring and detailed short-term studies that complement each other to provide information on vital population processes such as birth, death, immigration and emigration.
Colony-size frequency distribution is a useful analytic tool that can reveal demographic structures of community members at various taxonomic levels. Recent developments in underwater survey methods have enabled the use of colony surface area in analyses of sizefrequency distributions; this is a more accurate and representative measure of colony size than colony length (i.e. diameter) (Bak & Meesters 1998 , Meesters et al. 2001 , Vermeij & Bak 2002 . This is important because reproductive capability and mortality of scleractinian coral species depend on colony area (Babcock 1991 , Hall & Hughes 1996 . The use of colony area also increases resolution in demographic analyses, especially with smaller size classes, which constitute the majority of coral populations (Babcock 1991 , Bak & Meesters 1998 , Meesters et al. 2001 .
In this study, a detailed annual survey was conducted to monitor all visible colonies (>~5 mm in diameter) within a total area of 100 m 2 at a high-latitude site (32°N) in Amakusa, southwestern Japan. The results of this study provide, for the first time, detailed demographic information on the community structure and 2 yr dynamics of a high-latitude scleractinian coral assemblage in Japan.
MATERIALS AND METHODS
The study site was located on the eastern side of a small bay (Satsukigaura) (32°10' N, 130°02' E) in Amakusa, southwestern Japan (Fig. 1) . In the study site the substrate consisted of rocky outcrops with a mixture of sand, pebbles and boulders, and scleractinian corals formed patchy assemblages on the upper surfaces of rocky substrata. A total of 98 scleractinian coral species have been recorded from this and surrounding sites in the islands of the Amakusa archipelago (Veron 1992 , Nishihira & Veron 1995 , of which approximately half are known to develop mature gonads (45 spp.) and/or release gametes (24 spp.), or release planular larvae (2 spp.) between July and September (Yeemin 1991 , Thamrin et al. 2001 , Tioho et al. 2001 , Nozawa et al. 2006 . Seawater temperature at the study site was monitored at 2 hr intervals: weekly average values ranged from ~15°C (in February to March) to ~27°C (in August to September) (see Nozawa et al. 2006 for details) .
Preliminary snorkel and SCUBA surveys were used to establish monitoring plots that were relatively flat with a well-developed coral assemblage at the study site. Five 20 m 2 plots, separated at a distance of 0 to 6 m, were established at ~5 m in depth (four 4 × 5 m rectangular plots and one 4 × 4 m square plot plus 4 continuous 1 × 1 m square areas). The plots were divided into 1 × 1 m square areas and yellow plastic disks (5 cm in diameter) were attached to each corner using underwater glue.
Monitoring was conducted annually in October and November in and 2003 , each 1 × 1 m square area in the plots was temporarily subdivided into 16 square areas of 25 × 25 cm, using firstly 50 × 50 cm and then 25 × 25 cm square quadrats. Each 25 × 25 cm square area was photographed with a scale from above, and all visible-sized colonies (>~5 mm in diameter) in the area were mapped using underwater paper and pencil. Colonies larger than 25 × 25 cm and small colonies (<~5 cm diameter) were also photographed individually with a scale from above. In this study, a colony was defined as a structural unit; a group of fragmented tissues due to death of intervening parts on a single skeleton was treated as a single colony. In subsequent years (2002 and 2003) , survival of each colony recorded in 2001 was tracked on distribution maps by subdividing each 1 × 1 m square area into 25 × 25 cm square areas. Besides dead colonies (skeleton remaining), colonies that were separated from substrata and completely lost (i.e. no skeleton remaining) from the plots due to severe wave action were also recorded. For single colonies consisting of a group of fragmented colonies, dead or lost colonies were only counted as such when the last colony in the group was dead or lost. Any recruit, defined as a newly appeared recruit-sized colony (< 2 cm in diameter), was photographed with a scale from above and added to the maps each year. Although several colonies larger than this size were found every year, these were considered as colonies missed in previous year(s) and were excluded from analyses. Species were identified according to Veron (2000) , using (1) close-up photographs of whole colonies and polyps and (2) section samples of conspecific colonies collected with a hammer and a chisel in areas outside the plots. The samples were bleached in a chlorine solution and then submitted to taxonomic assessment. All colonies that had > 50% of area falling within the plots were included in the analyses. Relative surface area (i.e. projected area) of living tissue(s) of each colony was determined from photographs taken in 2001 using Scion Image software (Scion Corp.), and was used as 'colony size. ' Colony size data in 2001 were logarithmically transformed and used for the analyses of size-frequency distribution, as log-transformed (normalized) data are thought to reflect age distribution more closely than non-transformed ones (Bak & Meesters 1998 , Vermeij & Bak 2002 . For the most frequent 15 genera (in colony number) some descriptive statistics including median, range, kurtosis and skewness, were calculated and compared between spawning and brooding genera. Normality of the distribution was tested using a D'Agostino-Pearson test with Bonferroni correction (Zar 1999) . Where the p value was < 0.05, departure of kurtosis and skewness from normality was further tested using an Anscombe-Glynn test of kurtosis and a D'Agostino test of skewness, both with Bonferroni correction (Zar 1999) .
The effect of colony size on colony fate at the end of the 2 yr study period (i.e. live, dead or lost) was analysed at community and genus levels. For community level analysis the difference in colony-size frequency distributions between live, dead and lost colonies was tested using a Kruskal-Wallis test with a Dunn's multiple comparison test (Zar 1999) . For genuslevel analyses, genera that had > 5 colonies each in the dead and/or lost colony categories were used. For 9 genera that had > 5 dead or lost colonies, differences in size distribution between live and dead or lost colonies were tested using a Kolmogorov-Smirnov 2-sample test with Bonferroni correction. For 3 genera that had > 5 dead colonies and > 5 lost colonies, differences in size distribution between live, dead and lost colonies were tested using a Dunn's multiple comparison test (Zar 1999) with Bonferroni correction. All statistical analyses were executed with R software (R Development Core Team 2005).
RESULTS

Community structure
A total of 2471 colonies, covering 28.3% of the 100 m 2 monitoring area, were recorded in 2001. Most colonies occurred on rocky substrata while some colonies were found on dead coral skeletons. Altogether, 54 species of scleractinian coral belonging to 30 genera and 13 families were identified (Table 1) , of which 6 species were newly recorded in this region (i.e. Alveopora sp., Coscinaraea crassa, Favia maxima, Goniastrea pectinata, Lithophyllon lobata, Pavona varians) (cf. Veron 1992 , Nishihira & Veron 1995 . While the majority of the 54 species were spawners, 3 brooding species (i.e. A. cf. japonica, Thamrin et al. 2001 ; Alveopora sp., Y. Nozawa pers. obs.; Pocillopora damicornis, Tioho et al. 2001 ), 1 likely brooding species (Porites heronensis, , but see Yeemin 1991 , and 1 spawning and brooding species (Oulastrea crispate, Lam 2000) were also recognized.
The most speciose family was Faviidae, with 21 species, accounting for 38.9% of the total number, followed by Mussidae (7 species, 13%) and Acroporidae (6 species, 11.1%). Faviidae were dominant in terms of both colony number and cover, constituting approximately half of the assemblage (49.8 and 55.4%, respectively). Among other families, those representing > 5% of colony number were Acroporidae (21.8%) and Poritidae (17.8%) and those representing >10% of cover were Pectiniidae (15.9%), Acroporidae (11.1%) and Merulinidae (10.5%). At the genus level, the top 5 genera made up more than half of the assemblage in terms of both colony number (73.4%) and cover (62.6%). The top 5 genera in colony number were Cyphastrea (21.9%), Acropora (21.8%), Porites (13.9%), Favia (10.2%) and Goniastrea (5.6%); the top 5 in cover were Cyphastrea (15.8%), Echinophyllia (13.7%), Favia (11.6%), Acropora (11.1%) and Hydnophora (10.5%) ( Table 2) . Although 3 brooding genera ranked in the top half of dominant genera in colony number, accounting for 18.7% of the total, these were minor in terms of coral cover, constituting only 1.3% of the community (Table 2) .
Size-frequency distributions of the top 15 genera in colony number are shown in Fig. 2 . Descriptive statistics of the frequency distributions are summarized in Table 3 . Most of the log-transformed data were more or less unimodal without clear cohorts and 5 of the 15 frequency distributions were significantly different from a normal distribution (p < 0.05). The size frequencies of spawning genera were characterized by larger median size, wide size-range and a tendency toward negative skewness, while those of brooding genera had most colonies in small size classes with a tendency toward positive skewness. No tendency was seen in kurtosis for spawning and brooding genera.
Community dynamics
Of 122 (Table 4) , the majority belonged to 4 genera -i.e. the spawning genus Acropora and the brooding genera Alveopora, Pocillopora and Porites -accounting for 82.8 and 90.9% of the total in 2001-2002 and 2002-2003, respectively . Ten other genera had 1 to 10 recruits, while remaining 16 genera had no recruits in the 2 yr study period.
Colony losses during the study period due to death (skeleton remained) and/or dislodgement (no skeleton remained) were greater than the gains due to recruitment (Table 4) . Dead/lost colonies numbered 187 (21 lost) in 2001-2002 and 288 (36 lost) in 2002-2003 . Lost colonies were considered as dead since there would be little chance to survive on sand or pebble seafloor at the study site. In 2001-2002, Acropora accounted for the highest proportion of dead/lost colonies (44.4% of the total), followed by Porites (20.9%), Alveopora (9.1%), Favia (7.0%) and Hydnophora (5.3%), these 5 genera together accounting for 86.6% of the total (Table 4 ). In 2002-2003, this trend was largely unchanged, except the fourth and the fifth position being changed to Cyphastrea and Pocillopora, respectively. The top 5 genera in mortality in [2002] [2003] were Acropora (37.5% of the total), Porites (21.9%), Alveopora (8.3%), Cyphastrea (6.9%) and Pocillopora (6.6%), accounting for 81.3% of the total in 2002-2003 (Table 4) .
While the number of genera among dead and lost colonies was similar (14 for dead and 13 for lost), dead colonies accounted for 88% (418 colonies) of the total colony loss during the 2 yr study period, while lost colonies accounted for only 12% (57 colonies). However, proportions were reversed with respect to cover reduction, with lost colonies accounting for 75% (6730 cm 2 ) of the total lost cover and dead colonies only accounting for 25% (2208 cm 2 ). Of 57 lost colonies in this study, 3 were tabular forms (Acropora cf. hyacinthus), 7 were massive-to-branching forms (juvenile Acropora spp.), and the remaining 47 were massive-to-encrusting forms (for genera, refer to Table 4 ).
Size-frequency distributions of colonies with different fates (i.e. live, dead or lost at the end of study) are shown for genus (Fig. 2 ) and community levels (Fig. 3) and between dead and lost colonies (Dunn's test: p < 0.001) (Fig. 3) . While the sizes of dead colonies ranged from 0.1 to 67.9 cm 2 (5.3 ± 9.0, mean ± SD) with a peak in the 1 to 2 cm 2 class, those of lost colonies ranged from 0.8 to 1732 cm 2 (118.1 ± 288.4, mean ± SD) with a peak in the 16 to 32 cm 2 class. At the genus level, sizefrequency distributions of live, dead and lost colonies were similar to those at community level (Fig. 2) . Statistical analyses showed significant differences in size between live and dead colonies in 6 of the 8 genera tested (p < 0.01) and between dead and lost colonies in 3 genera tested (p < 0.01) ( Table 5) .
As a result of annual mortality being greater than recruitment during the study period, the total colony number was reduced by 9% from 2471 in 2001 to 2250 colonies in 2003 (Table 4) . While numbers of annual recruits were almost constant, higher mortality resulted in a larger reduction in colony number in [2002] [2003] . Sixteen of 30 genera changed in colony number during the study period while 14 genera did not change (Table 4) . Of the 16 genera that changed in colony number, only 4 genera increased (Table 4) : Pocillopora increased most (229%) in the study period from 28 to 64 colonies (+ 36 colonies), followed by Alveopora (+16), Acanthastrea (+1) and Psammocora (+1). For the 12 genera that decreased in colony number, Acropora decreased most (24%) from 538 to 411 colonies (-127 colonies), followed by Porites (-62) and Cyphastrea (-22) (Table 4) .
DISCUSSION
Community structure
Abundance and cover of scleractinian corals at the study site were comparable with those at other high and low latitude sites (cf. Hughes & Tanner 2000 , Harriott & Banks 2002 Table 3 . Descriptive statistics of logarithmically transformed size-distribution data for the top 15 genera by colony number (see Table 2 ). P norm : probability of departure of the distribution from normality, only where the value is < 0. In size-frequency distribution analyses, the absence of distinguishable cohorts in scleractinian genera may be due to large growth variation and reduction of colony size by partial tissue death and fission (Hughes & Jackson 1985 , Babcock 1991 , Bak & Meesters 1998 , Meesters et al. 2001 . Overall characteristics of sizefrequency distributions in brooding and spawning genera were similar to those described by Vermeij & Bak (2002) , who observed small colony sizes and positive skewness in brooding species and large colony sizes and negative skewness in spawning ones. The difference in skewness may be attributable to different recruitment rates of brooding and spawning species (Vermeij & Bak 2002) . Generally, high recruitment rates may increase colonies in small size classes, skewing the distribution to the right, and vice versa. In the present study, one spawning genus, Acropora, dominated annual recruitment along with 3 brooding genera that also showed a slightly positive skewness, unlike most spawning genera.
Community dynamics
Annual recruitment (1.2 to 1.3 recruits m -2 ) and mortality (1.9 to 2.9 dead colonies m -2 ) recorded in this study were within the ranges reported by Harriott & Smith (2002) at another high latitude site, the Solitary Islands, Australia (30°S; 0.1 to 3.9 recruits m -2 and 0.22 to 3.99 dead colonies m -2 ). Although the annual recruitment rates were lower than most of those reported at tropical reef sites (2 to 16 recruits m -2 ) (Harriott & Smith 2002) , given widely documented low recruitment rates in high latitude scleractinian communities (Hughes et al. 2002) , these must be sufficient to maintain scleractinian populations in high-latitude localities (Harriott 1999) . There is some difficulty in comparing mortality among different reef sites due to considerable variation in estimated annual mortality rates (0 to 65%) and differences in methodology (Harriott & Smith 2002) .
Most scleractinian genera showed no or little change in colony number throughout the study period. This stability seems to be a feature of high-latitude scleractinian communities, as it has been observed at other high latitude sites, such as the Solitary Islands (Harriott & Smith 2002) and Lord Howe Island, Australia (31°S) . However, since most of the genera here consisted of small a number of colonies with few annual recruits, species composition of the community may vary considerably over a long time scale, due to local extinction of rare species and chance recruitment of new species. Harriott et al. (1994) reported that 21 of 55 scleractinian coral species previously recorded at the Solitary Islands were not found in their study, indicating dynamic temporal patterns of species recruitment and replacement occurring in high-latitude scleractinian communities. During the study period, many colonies were completely lost from the monitored area by severe wave action. The unique feature of this phenomenon was that colonies of large size classes were occasionally lost while colonies that died from other causes were mostly of small size classes. As a consequence, lost colonies, though small in numbers, mostly accounted for reduction in coral cover. Dislodgement of colonies from substrata may be facilitated by the relatively smooth surface characteristics of rocks that are a major component of substrata at high latitudes (Harriott et al. 1994 . General lack of dead coral skeletons in the area may also be attributable to this phenomenon. Thus, the occasional loss of large colonies and dead coral skeletons by severe wave action is likely to be a significant factor inhibiting the development of scleractinian assemblages and reef accretion (Dollar & Tribble 1993 , Grigg 1998 , Harriott & Smith 2002 , especially at high latitudes where these processes are considered to be slow (Harriott & Banks 2002) . In this respect, it is interesting to note that, despite the reported occurrence of many scleractinian communities in subtropical to temperate localities (e.g. Harriott et al. 1994 , Yamano et al. 2001 , The Japanese Coral Reef Society & Ministry of the Environment 2004), only the highest latitude localities support apparent coral reef formation in both the northern and southern hemispheres, i.e. Lord Howe Island (31°S) and Iki Island, Japan (33°N) (Yamano et al. 2001 ). This may be related to the fact that the frequency and magnitude of disturbance by cyclones/typhoons are reduced at higher latitudes. 
